Statins, which specifically inhibit HMG Co-A reductase, the rate-limiting step of cholesterol biosynthesis, are widely prescribed to reduce serum cholesterol and cardiac risk, but many other effects are seen. We now show an effect of these drugs to induce profound changes in the step-wise synthesis of glycosphingolipids (GSLs) in the Golgi. Glucosylceramide (GlcCer) was increased several-fold in all cell lines tested, demonstrating a widespread effect. Additionally, de novo or elevated lactotriaosylceramide (Lc3Cer; GlcNAcβ1-3Galβ1-4GlcCer) synthesis was observed in 70%. Western blot showed that GlcCer synthase (GCS) was elevated by statins, and GCS and Lc3Cer synthase (Lc3S) activities were increased; however, transcript was elevated for Lc3S only. Supplementation with the isoprenoid precursor, geranylgeranyl pyrophosphate (GGPP), a downstream product of HMG Co-A reductase, reversed statin-induced glycosyltransferase and GSL elevation. The Rab geranylgeranyl transferase inhibitor 3-PEHPC, but not specific inhibitors of farnesyl transferase, or geranylgeranyl transferase I, was sufficient to replicate statin-induced GlcCer and Lc3Cer synthesis, supporting a Rab prenylation-dependent mechanism. While total cholesterol was unaffected, the trans-Golgi network (TGN) cholesterol pool was dissipated and medial Golgi GCS partially relocated by statins. GSL-dependent vesicular retrograde transport of Verotoxin and cholera toxin to the Golgi/endoplasmic reticulum were blocked after statin or 3-PEHPC treatment, suggesting aberrant, prenylationdependent vesicular traffic as a basis of glycosyltransferase increase and GSL remodeling. These in vitro studies indicate a previously unreported link between Rab prenylation and regulation of GCS activity and GlcCer metabolism.
Introduction
Biosynthesis of glycosphingolipids (GSLs) is a complex process that spans the secretory pathway, beginning with endoplasmic reticulum (ER) synthesis of ceramide (Gault et al. 2010) . The activity and location of the glycosyltransferases, which catalyze subsequent step-wise sugar additions is highly organized within the Golgi membranes. The pathway has several branch points; ceramide may be directed toward sphingomyelin (SM) or glucosylceramide (GlcCer) synthesis, and lactosylceramide is the precursor of globo-, lacto-, neolacto-and ganglio-and acidic GSL synthesis. These synthetic decisions are poorly understood and not based merely on enzyme availability (Uliana et al. 2006; Tuuf and Mattjus 2014) .
Control of GSL and cholesterol biosynthesis are closely linked (Glaros et al. 2005; Bijl et al. 2009; Davidson et al. 2009; Ishitsuka et al. 2009; Bietrix et al. 2010) , and GSLs and cholesterol are the defining components of membrane lipid rafts (Quinn 2010) . The interaction between cholesterol and membrane GSLs results in a change in GSL carbohydrate from a membrane perpendicular to parallel conformation which can result in restricted trans ligand access (Mahfoud et al. 2010; Lingwood et al. 2011) . The cholesterol gradient within the Golgi (Orci et al. 1981) could therefore affect precursor GSL carbohydrate conformation to regulate GSL biosynthetic pathways.
Inhibitors of HMG Co-A reductase, the rate-limiting step of cholesterol biosynthesis, are known as statins; these drugs are extremely effective to lower serum cholesterol levels and widely prescribed to counter risk of cardiac events (Correale et al. 2012; Paliani and Ricci 2012) . Although specificity of clinical statins for HMG Co-A reductase is high, other lipid biosynthetic pathways utilize the enzyme product, mevalonate, to generate protein-modifying geranylgeranyl and farnesyl isoprenoids, dolichol and co-enzyme Q (Beltowski et al. 2009 ). Statins have other bioactivities (Liu et al. 2009 ). These "pleiotropic" effects of are increasingly attributed to reduction of the non-sterol bioactive lipids, with inhibition of prenylation a key contributor (Cordle et al. 2005) .
In using statins to probe the possible role of cholesterol masking in GSL biosynthesis, we have identified an overlooked pleiotropic effect of statins to induce profound, isoprenylation-dependent changes in cellular GSL biosynthesis. Statin-induced GSL remodeling was reversed by addition of the isoprenoid precursor, geranylgeranyl pyrophosphate, which is depleted by statin treatment. A specific inhibitor of Rab geranylgeranyl transferase 3-PEHPC, recapitulated the statin-induced elevation of GlcCer and Lc3Cer.
Our current studies demonstrate a previously unknown link between Rab prenylation and regulation of GSL glycosyltransferase/ GSL activity and trafficking in the Golgi.
Results

Effect of HMG-CoA inhibitors on steady-state GSLs levels
The efficacy of statins to modulate the GSL content of cultured cells was first compared using a pill used clinically (Crestor™; rosuvastatin), and a lipophilic statin, lovastatin. Both had the same dramatic effect on the GSL content of A431G cells ( Figure 1A ), most notably to increase a ceramide monohexoside (CMH) which was identified as GlcCer by co-migration with standard on borate-impregnated thin layer chromtography (TLC) plates (Kean 1966 ; results not shown). An increase in a ceramide trihexoside was also noted. In A431S cells (unlike A431G, this strain of A431 cells expresses Gb 3 ), this trihexoside migrated slightly below Gb 3 and a substantial elevation of lactosylceramide was also evident ( Figure 1B ). U18666A, a downstream inhibitor of cholesterol synthesis (Sexton et al. 1983) , and intracellular cholesterol traffic (Tepper et al. 2000) , had a distinct effect on the GSL profile; GlcCer was increased, but significantly less than by statin treatment, LacCer was increased, and Gb 3 was reduced ( Figure 1B ). The statin-induced trihexoside species was identified as lactotriaosyl ceramide (Lc3Cer; GlcNAcβ1-3Galβ1-4GlcCer) by reaction with anti-Lc3Cer but not anti-Gg3 ( Figure 1C ), and matrixassisted laser desorption/ionization mass spectrometry (MALDI MS) ( Figure 1D ). Detection of Gb 3 using Verotoxin B-subunit revealed a statin-induced decrease in Gb 3 in A431S cells ( Figure 1C ).
Qualitative TLC analysis showed no gross changes in SM, major phospholipids or free cholesterol ( Figure 1E ). Mammalian cells derive the majority of cholesterol from low density lipoprotein (LDL) uptake and our statin treatments were performed in serum-containing media. It is known that low ER cholesterol, caused by inhibition of cholesterol synthesis, triggers the sterol sensing machinery to increase LDL receptor expression and maintain the cellular cholesterol level (Cole et al. 2005 ).
Elevation of GlcCer by statins is a general effect
To establish the scope of statin-GSL regulation, a panel of human cell lines, representing a variety of tissue origins and GSL profiles, was treated with lovastatin and analyzed by TLC (Figure 2A ). In each case, lovastatin elevated the steady-state expression of GlcCer, the simplest GSL and precursor to most complex neutral and acidic GSLs. GlcCer is the major CMH in these cell lines, but PC-3 cells showed a complex CMH pattern ( Figure 2A ) so that the extracts were run on borate-impregnated TLC plates to separate GlcCer and GalCer (Supplementary data, Figure S1 ). GlcCer was increased by statin treatment while GalCer (20% of total CMH) was not (Supplementary data, Figure S1 ). Many cell lines showed an increase in LacCer, perhaps reflecting increased substrate availability. Downstream GSLs showed some cell type-dependent changes but were not globally increased or decreased, suggesting that additional factors contribute to the statin-induced changes. Since Lc3Cer was particularly upregulated in both A431 cell strains ( Figure 1A-C) , the cell panel was further examined by TLC-overlay immuno-staining ( Figure 2A , lower panel). The prostate carcinoma lines DU145 and PC-3 had a detectable basal level of Lc3Cer, which was substantially elevated by lovastatin. Lc3Cer was detected after Identification of slow-migrating lactosamine-containing species. Total neutral GSL fraction from A431G cells treated 48 h ± 20 µM rosuvastatin was separated by TLC in solvent C and probed with anti-Lc3Cer (MAC-1; terminal GlcNAcβ1-3Gal), anti-nLc4 (FE-A5; terminal Galβ1-4GlcNAcβ1-3) or anti-SSEA1 (Lewis × determinant; Galβ1-4(Fucα1-3)GlcNAcβ1-3). (E) Identification of GM3 in A431G cells. The acidic fraction of cells from panel (D) was detected with orcinol or probed with mAb anti-GM3 (clone DH2). Three major acidic GSLs were detected including GM3, which was increased in statin-treated cells. This figure is available in black and white in print and in colour at Glycobiology online.
lovastatin treatment of ACHN, HeLa, U87-MG and HEK cells, but not Daudi, A549 or MCF-7 cells ( Figure 2A , lower panel). In general, induction/increase of Lc3Cer was observed in concert with LacCer increase. A prolonged (7 days) low-dose titration study showed 500 nM lovastatin was sufficient to increase both GlcCer and Lc3Cer in PC-3 cells (Figure 2B) , suggesting a cumulative effect. At high dose, the treatment time required to elevate GlcCer and Lc3Cer varied by cell type, being evident at 24 h in PC-3 cells or 48 h in A431S ( Figure 2C ). We noticed on immunoblots that a polar, anti-Lc3Cer reactive GSL was concurrently expressed in statin-treated A431 cells. We suspected that this species may be nLc5, which is also a product of Lc3Cer synthase, has the same terminal GlcNAcβ(1-3) Gal as Lc3Cer and is recognized by anti-Lc3Cer MAC-1 (Togayachi et al. 2001; Nozaki et al. 2010 ). To confirm this, and identify additional Lc3Cer-related slow-migrating complex GSLs, a total neutral GSL fraction was prepared from A431G cells and probed by TLC immunoblot with anti-Lc3Cer (MAC-1), anti-nLc4 (FE-A5) or anti-SSEA1 (MC-480) ( Figure 2D ). Several species induced by rosuvastatin were observed. A 4-sugar neutral GSL abundantly expressed in A431 cells was identified as nLc4 by reaction with the type II lactosamine-specific mAb FE-A5 (Fenderson et al. 1983 ) (Figure 2D) . Despite the large increase in precursor Lc3Cer, nLc4 was only slightly elevated by statin treatment. Additional FE-A5 reactive, complex neutral GSLs were observed which varied in their responsiveness to statin treatment. The increased band immediately below nLc4 has migration consistent with Galβ(1-4)GlcNAc-terminating nLc6, but these species were not further characterized ( Figure 2B ). Likewise, multiple anti-SSEA1-reactive complex GSLs were observed, some substantially increased by statin treatment ( Figure 2B ). The acidic GSL fraction of the same cells was also isolated and analyzed by TLC ( Figure 2E ). GM3, identified by reaction with mAb DH2 (Dohi et al. 1988) , is the major ganglioside of A431G cells and was increased approximately 2-fold by statin treatment ( Figure 2E ).
GlcCer and Lc3Cer synthases are increased by statin treatment
GlcCer is synthesized in vivo by the action of a single enzyme, GlcCer synthase (GCS, GlcT-1) (Marks et al. 2001 ) while Lc3Cer synthase (Lc3CerS, B3GnT5) catalyzes addition of GlcNAc to LacCer (and nLc4) (Togayachi et al. 2001) , the rate-limiting step in all lacto and neolacto GSL synthesis (Nakamura et al. 1992) . Expression of GSL synthases was assessed using qualitative RT-PCR (Supplementary data, Figure S2 ). We found the transcript for Lc3CerS was increased in lovastatin-treated PC-3 cells while transcripts for GCS, the two LacCer synthases, and the GlcCer transport protein, Fapp2 were not (Supplementary data, Figure S2 ). These results suggest that statins affect the turnover of select GSL glycosyltransferases. ACHN GlcCer was increased by three different statins ( Figure 3A) , and we detected a corresponding increase in GCS total protein by western blot ( Figure 3A ) and enzyme activity in cell lysates ( Figure 3A ). Increases in GCS protein and activity were also seen in A431S and PC-3 cells (not shown), suggesting that this may be a common mechanism for GlcCer elevation. Increased Lc3S activity was also detected in treated cells, at acute or low, prolonged statin doses ( Figure 3B ). Western blot analysis of Lc3Cer expression was hampered by the inadequate specificity of commercial antibodies. Exogenous cholesterol was available during statin treatment so we explored the possibility that inhibition of isoprenylation, rather than cholesterol synthesis, leads to increased GlcCer/Lc3Cer. Supplementation with GGPP (10 µM GGPP), the isoprenoid precursor depleted by HMG Co-A reductase inhibition, countered the statin-induced increase in GCS enzyme activity ( Figure 3C ) and GCS protein in ACHN cell lysates ( Figure 3D ), and reversed the lovastatin-induced GlcCer and Lc3Cer elevation in A431S cells ( Figure 3E ).
Examination of sphingolipid metabolites by quantitative mass spectroscopy
GCS can deplete ceramide induced by cytotoxic drugs and "ceramide glycosylation" has been proposed as a mechanism of drug resistance in cancer cells (Liu et al. 2008) . Transcriptional up-regulation of GCS in response to elevated ceramide has been shown (Uchida et al. 2004 ). Since inhibition of prenylation by statins is a known inducer of apoptosis (Perez-Sala and Mollinedo 1994), a potential effect on ceramide levels was explored. The pathways linking Cer, GlcCer and SM are summarized in Figure 4A . Quantitative sphingolipid LC-MS-MS analysis of sphingolipids from control, or 20 µM rosuvastatin-treated ACHN cells was performed. Levels of the Cer precursors, sphinganine (Sa) and dihydroceramides (dhCer) are a measure of de novo sphingolipid synthesis ( Figure 4A ), while sphingosine (So), formed by cleavage of Cer, is a salvage product. Sa, was reduced at 24 h, and increased 1.6-fold after 48 h of statin treatment. However, elevation of dhCer at 48 h was only seen for a single species, the anti-apoptotic C16:0 dhCer (Siddique et al. 2012 ) ( Figure 4B ). Total Cer and SM were unchanged, while GlcCer increased 2-fold after 24 h and 6-fold after 48 h ( Figure 4B ). The increase was similar for the GlcCer fatty acid isoforms analyzed ( Figure 4D ). GalCer was identified but represented <1% of the total CMH fraction (not shown). Ceramide is a branch point in sphingolipid formation ( Figure 4A ). Once formed in the ER, Cer is transported to the Golgi by CERT for SM synthesis (Perry and Ridgway 2005) and possibly by vesicular trafficking for GlcCer synthesis (Giussani et al. 2008) . Levels of SM species remained constant, despite the abundant GlcCer ( Figure 4C and D). There was a 40% decrease in So ( Figure 4D ), which may indicate the accumulated GlcCer, which appears largely unavailable for downstream GSL synthesis, is also less available for degradation. A 30% increase in C16:0 Cer was matched by a 35% decrease in C24:0 Cer ( Figure 4D ). Thus, the statin-induced increases in GCS and GlcCer in ACHN cells do not appear to be driven by elevated ceramide ( Figure 4C and D). Rab prenylation inhibition recapitulates statin effects on GSL metabolism GGPP supplied during statin treatment reversed the rise in GlcCer, GCS protein and activity, and Lc3Cer ( Figure 3C -E) so the effect of specific prenylation inhibitors, acting downstream of statins, was monitored. Prenylation is carried out by geranylgeranyl transferase I and II (GGTase I and II, respectively), which utilize GGPP, or farnesyl transferase (FTase), which utilizes farnesyl pyrophosphate (FPP), the precursor of GGPP. Statin treatment depletes the geranyl-PP precursor to both ( Figure 5A ). We analyzed the neutral GSLs of treated ACHN cells by TLC and found that only the GGTase II inhibitor, 3-PEHPC (Coxon et al. 2005) , increased GlcCer (and LacCer), similar to statin treatment ( Figure 5B , upper "TLC" panel), whereas GGTase I or FTase inhibition, with GGTI-2133 or FTI-277, respectively, did not. The same was found for elevation of GCS, analyzed by western blot of treated cell lysates ( Figure 5B , lower "WB" panel). The activity and specificity of each inhibitor was verified by monitoring the prenylation status of known substrates of each prenyl transferase by western blot (Kinsella and Maltese 1991) ; Rab6 for GGTase II (3-PEHPC), Rap1A for GGTase I (GGTI-2133) and HDJ2 for FTase (FTI-277) (Davis et al. 1998) ( Figure 5B, lower "WB" panel). We noted that unprenylated HDJ2 was detected in FTI-277, but not rosuvastatin, treated cells. Interestingly, GCS detected by western blot was increased to a similar degree by rosuvastatin or 3-PEHPC treatment, however the glycosphingolipid product, GlcCer, was elevated to a lesser degree by 3-PEHPC ( Figure 5B ). Triple inhibition of GGTase I, II and FTase did not further increase GlcCer in these cells ( Figure 5B , upper "TLC" panel), suggesting that reduced prenylation of GGTase I and FTase substrates do not contribute to the statin-induced GlcCer increase. A similar experiment was conducted in A431S cells in which Lc3Cer is readily monitored by TLC. Lovastatin-induced a dose-dependent increase in Effects of specific prenylation inhibitors on GSL and GCS expression were determined. The Rab geranylgeranyl transferase inhibitor, 3-PEHPC, was effective to increase GlcCer (TLC, upper panel) and GCS (western blot, lower panel). ACHN cell treatment was 48 h with 3 mM 3-PEHPC, 15 µM FT1-277, 10 µM GGTI-2133 or 20 µM rosuvastatin. Inhibition of prenylation by 3-PEHPC and FTI-277 are indicated by appearance of the slower migrating, unprenylated forms of Rab6 (25 kD) and the co-chaperone HDJ2 (40 kD), respectively. Inhibition of GGTase I is confirmed using an antibody specific for unprenylated Rap1A (21 kD). Blots were probed with anti-GAPDH to verify equal sample loading and transfer. (C) Neutral GSLs of A431S cells treated with the inhibitor panel as in (A). A dose-response between 0 and 10 µm lovastatin was seen for GlcCer and Lc3Cer elevation and 1 mM 3-PEHPC caused similar increases within this range. (D) Lc3CerS enzyme activity in lysates of A431S cells treated as in (B). Band intensity (arbitrary units) of NBD-Lc3Cer was quantified using Image J; error bars represent the range of duplicate samples divided by two. This figure is available in black and white in print and in colour at Glycobiology online.
GlcCer, LacCer and Lc3Cer that was replicated by 3 mM 3-PEHPC ( Figure 5C ). The activity of Lc3CerS in cell lysates was similarly elevated ( Figure 5D ). GGTase II, the target of 3-PEHPC, is also known as Rab geranylgeranyl transferase. The enzyme catalyzes transfer of (in most cases) two prenyl groups to the C-terminus of Rab proteins, which facilitates their membrane association and activity. Thus, these results suggest the statin effects on GSL expression and synthase activity result from reduced Rab protein prenylation.
Statins alter intracellular cholesterol and GCS distribution
Rab GTPases regulate intracellular vesicular trafficking events spanning the endocytic and exocytic pathways, including intra-Golgi cysternal transport (Zerial and McBride 2001; Cottam and Ungar 2012; Pfeffer 2012) . To establish whether perturbed vesicular trafficking alters distribution of GCS, the subcellular location of endogenous GCS was first characterized. ACHN cells were fixed, permeablized with filipin and labeled with anti-GCS 1.2 antiserum specific for the exposed, cytosolic C-terminal region (Marks et al. 1999) . Permeablization with filipin allowed us to visualize the distribution of cholesterol that was found concentrated in the plasma membrane and trans-Golgi network (TGN), as reported (Mukherjee et al. 1998 ). GCS was detected mainly in punctate perinuclear structures that were identified as Golgi ( Figure 6A ). Anti-GCS stained vesicular assemblies associated with the GM130-labeled cis-Golgi but appeared more closely coincident with the Golgi SNARE GS15, reported to be found mainly in the medial Golgi (Xu et al. 2002) (Figure 6A ). GCS labeling was mainly excluded from the filipin-stained TGN ( Figure 6A, inset) . Filipin effectively permeablized the plasma membrane to allow detection of cytosol-exposed epitopes but did not permeablize the TGN to allow wheat germ agglutinin (WGA) staining ( Figure 6A ). Following rosuvastatin or 3-PEHPC treatment, GCS became more widely distributed ( Figure 6B ) and TGN cholesterol was lost. GM130 ( Figure 6B ) or Giantin (not shown) labeling revealed more dispersed structures reminiscent of Golgi mini-stacks. WGA labeling of detergent-permeablized cells (Tartakoff and Vassalli 1983) showed that 80% of WGA TGN was retained after 48 h of statin treatment, suggesting that reduced TGN cholesterol was not due to dispersal of this organelle (Supplementary data, Figure S3 ). Cells treated with the GCS inhibitor P4 did not show appreciable changes in Golgi GCS ( Figure 6B ). After Brefeldin A treatment both GCS and GM130-labeled structures were dispersed to small, largely non-coincident vesicles ( Figure 6B ). These results suggest that GCS is mainly in the medial Golgi cisternae associated with the high cholesterol containing TGN. Statin or Rab inhibitor treatment reduced TGN cholesterol and GCS and Golgi markers become more disperse ( Figure 6B ).
In addition, 3-PEHPC mimicked rosuvastatin to disperse the elevated TGN cholesterol pool and prevent the Golgi/ER targeting of internalized Verotoxin or Cholera toxin B-subunits ( Figure 7A) . In control cells, VT-B and CT-B were rapidly internalized to the Golgi. Though some double-stained cells were evident, most cells bound either VT-B or CT-B, consistent with previously reported cell-cycle-dependent receptor Gb 3 and GM1 expression (Majoul et al. 2002) . In double-labeled ACHN cells, VT-B and CT-B are colocalized. In statin or 3-PEHPC-treated cells however, the distinct TGN cholesterol pool is diminished and VT-B/CT-B are detected more diffusely throughout the cell ( Figure 7A ). These changes were not observed in cells treated with FTI-277 or GGTI-2133. Multiple Rab GTPases have been implicated in this GSL-mediated transport route (White et al. 1999; Sandvig et al. 2004; Fuchs et al. 2007 ).
Statins doses which impair prenylation block Verotoxin cytotoxicity
Since GSL-mediated VT-B trafficking to the Golgi was disrupted, the cytotoxicities of VT1 and VT2 holotoxins were compared after 24 h statin pre-treatment. These E. coli-derived toxins are the primary cause of hemolytic uremic syndrome (Page and Liles 2013) , and while closely related, have subtle differences in their internalization/ retrograde transport pathways (Tam et al. 2008) . Golgi membrane association of endogenous Rab6 (an indicator of prenylation status), but not WGA TGN staining, was substantially reduced in statin-treated cells (Supplementary data, Figure S3) . Rosuvastatin, at 5 µM, was able to confer significant and similar cell protection against both toxins ( Figure 7B ), but 20 µM treatment was more effective against VT1, suggesting that VT2 may have access to an additional non-Golgi/ERdependent pathway, as previously suggested (Saito et al. 2012 ).
Discussion
Glycosphingolipids, particularly within lipid microdomains (Furukawa et al. 2012) , play important roles in cell signaling. Studies using GCS inhibitors have shown that abberent GSL synthesis plays a key role in many human diseases and their animal models (Bietrix et al. 2010; Karman et al. 2010; Yew et al. 2010) . Several specific GSLs serve as disease cofactors (Tagami et al. 2002; Vieira et al. 2008; Kawashima et al. 2009; Mazzulli et al. 2011) . Understanding the regulation of precursor and complex GSL synthesis is therefore of wide potential therapeutic utility.
In this study, we looked at the effect of statins on GSL synthesis in cultured cells. Membrane cholesterol can alter GSLs carbohydrate conformation to restrict ligand binding (Mahfoud et al. 2010; Yahi et al. 2010; Lingwood et al. 2011; Novak et al. 2013 ), and we speculated that this interaction might also influence the binding of substrate GSLs with glycosyltransferases or binding proteins to affect cellular GSL metabolism. We observed that lovastatin caused a marked elevation in GlcCer, the simplest GSL, in all cell lines tested. Another unusually elevated GSL (70% of cell lines tested) was identified as Lc3Cer. In A431 cells selected for more detailed GSL study, we demonstrated that statins increased GM3 ganglioside and detected increased species corresponding to nLc5, nLc6 and several SSEA-1-related complex GSL species. In the cell lines assayed, the activities of both GCS and Lc3Cer synthase were found to be increased by statins, and in the case of GCS, for which an antibody was available, increased protein was detected by western blot.
Unexpectedly, these GSL and glycosyltransferase changes were independent of cholesterol synthesis inhibition. Instead, the GSL effects were shown to result from reduced isoprenoid biosynthesis from mevalonate, the product of HMG-CoA reductase; supplementation with the isoprenoid precursor GGPP, which acts downstream of cholesterol biosynthesis in the mevalonate pathway, reversed the statin-induced elevation of GlcCer and Lc3Cer.
To identify the target of GGPP rescue, and rule out a possible non-prenylation-related function of GGPP, cells were treated with specific inhibitors of the three protein prenyltransferases. GGPP is a substrate for GGTase I and GGTase II (Rab geranylgeranyltransferase), while FTase farnesylates proteins use FPP, the precursor of GGPP. (Lobell et al. 2001) . GGTase I and FTase are more closely related and show some substrate and inhibitor cross-reactivity, particularly at high doses of the latter, while Rab GGTase is mechanistically unique. Using a standard western blotting technique, we found the inhibitors were specific for their targets at the doses used. Only Rab GGTase inhibition with 3-PEHPC (Coxon et al. 2005 ) reproduced Fig. 6 . Golgi GCS is relocalized after statin or 3-PEHPC treatment. (A) After permeablization with 50 µg/mL filipin cells were double-labeled with rabbit anti-GCS 1.2 antiserum and mAb GM130 (cis-Golgi) or mAb GS15 (medial Golgi). GCS was localized in punctate Golgi structures partially overlapping with GS15, and proximal but largely distinct from GM130 and filipin-labeled TGN ( pseudo-colored red in the bottom panel for clarity). Scale bar = 6 µm. (B) ACHN cells were treated 48 h with vehicle, 10 µM rosuvastatin, 1 mM 3-PEHPC, 2 µM P4 or 30 min with 10 µM BFA, prior to fixation and labeling. After statin or 3-PEHPC treatment, GCS became more widely distributed, the TGN cholesterol pool (but not PM cholesterol) was absent, anti-GM130-labeled dispersed Golgi "mini-stacks". Scale bar = 10 µm.
the effect of statins to increase GSLs, and elevate synthase activity. Taken together, the results showing reversal of GSL and glycosyltransferase increase by GGPP, and replication of statin effects by 3-PEHPC alone, strongly suggest the effects of statins on GSL metabolism result from inhibition of Rab GTPase prenylation.
Rab GTPases function as molecular switches controlling the direction of endocytic and exocytic vesicular budding, trafficking and fusion (Hutagalung and Novick 2011) . Studies using C-terminal cysteine prenylation site mutants (Gomes et al. 2003) or drugs blocking prenylation (Coxon et al. 2005) have shown that unprenylated Rab proteins do not associate with membranes and are inactive.
Since several of the 60+ Rab GTPases identified in the human genome (Stenmark and Olkkonen 2001) function in the Golgi, the site of GSL glycosyltransferase activity, and can be inactivated by statins (Kinsella and Maltese 1992) , we investigated whether statins or Rab GGTase inhibition affected the subcellular location of GCS within the TGN/ Golgi.
GCS is unusual among Golgi-resident glycosyltransferases in having a C-terminal cytosol-facing active site (Futerman and Pagano 1991; Jeckel et al. 1992) , and ( predicted) multiple membrane interacting C-terminal domains (Marks et al. 2001 ). This unique topology underlies the complex fate of the GCS product, GlcCer, which may be membrane translocated to the Golgi lumen for downstream GSL synthesis, or moved by protein or vesicular-mediated traffic to other cellular locations for translocation (Halter et al. 2007; D'Angelo et al. 2013) . By immunofluorescence, we detected endogenous GCS in medial-cis-Golgi structures adjacent to the cholesterol-enriched filipin-labeled TGN (Mukherjee et al. 1998) . This is consistent with reports of GCS detected biochemically, and by immuno-EM in both early and distal Golgi fractions (Jeckel et al. 1992; Halter et al. 2007) .
After 48 h statin or 3-PEHPC treatment, GCS was more widely dispersed in the cell and GM130, a Rab-interacting Golgi matrix protein and regulator of glycosylation (Nakamura 2010) , was redistributed to a lesser extent. By EM, statins were shown to swell Golgi cisternae, but their stacking was preserved (Ivessa et al. 1997) . Several Rab GTPases are now known to be important regulators of Golgi organization and integrity, functioning in the continual anterograde and retrograde membrane recycling of this organelle (White et al. 1999; Liu and Storrie 2012) . Our immunofluorescence results suggest that the Golgi disruption caused by statin or 3-PEPHC is due to inhibition of Rab function. Specific inhibition of several Golgi Rabs (e.g. Rab1a, Rab1, 2, 8) leads to Golgi fragmentation (Wilson et al. 1994; Rendon et al. 2013) . Defective ER/Golgi or Golgi/lysosome vesicular transport could compromise the turnover of GCS/Lc3S enzymes (or interacting partners) to increase their expression and activity. Posttranslational increase in GCS activity via direct interaction with the ER reticulon, RTN1C, involved in ER/Golgi vesicle traffic, has been described (Di Sano et al. 2003) .
The TGN cholesterol pool was dispersed by (statins and) Rab GGTase inhibition. Cholesterol accumulation itself can reduce Rab GTPase dissociation from target membranes (Takahashi and Kobayashi 2009) to change membrane traffic. Whether cholesterol TGN accumulation is a consequence of Rab-dependent traffic, lost following prenylation blockade or whether cholesterol redistribution allows a previously inhibited Rab GTPase membrane dissociation, provides the basis for the statin-dependent change in GSL synthesis observed, requires future definition of the Rab GTPase(s) involved.
Intracellular immunohistochemistry of endogenous GCS has not been previously reported. In our study, endogenous GCS was readily detected in ACHN Golgi membranes following plasma membrane permeabilization with filipin, or saponin (not shown), both cholesterol binding agents. We found detergent (Triton X-100) permeabilization was incompatible with specific GCS immunolocalization using a C-terminus-specific antibody. From the observed statin-induced redistribution of intracellular cholesterol and GCS, it is tempting to speculate that the GCS C-terminal domain could interact with cholesterol (Fantini and Barrantes 2013) to affect Golgi retention.
The accumulation of GlcCer after statin treatment was common to all cell lines investigated, and to our knowledge, has not been reported previously. The glycosyltransferases GCS and Lc3CerS are both ratelimiting enzymes (Radin 1994; Merrill 2011) , so the accumulation of their products suggests that normal downstream anabolism is blocked by Rab inhibition. In the case of GlcCer, previous studies have shown that a major pool of synthesized GlcCer is largely unavailable for conversion to downstream GSLs (Warnock et al. 1994; Maxzud and Maccioni 2000) . Furthermore, GCS inhibitors, such as P4 (Lee et al. 1999 ), lead to a rapid reduction in GlcCer (our unpublished results), which suggests that normally GlcCer is rapidly metabolized in the cell. GCS protein (and activity) is increased in statin or 3-PEHPC-treated cells, which may account for much of the GlcCer elevation seen. However, the GCS is also redistributed from a partially disrupted Golgi. The striking accumulation of GlcCer could therefore arise if the GlcCer membrane translocase or cytosolic glucocerebrosidase (Boot et al. 2007; Dekker et al. 2011) were deficient in these novel GCS locations, or prenylation-dependent vesicular traffic may be required to shuttle GlcCer to sites of further anabolism. Complex GSL synthesis was shown to depend on protein-mediated transfer of GlcCer by Fapp2, rather than vesicular traffic (D'Angelo et al. 2007 ). Our finding that, in general, GSLs downstream of GlcCer were not reduced by statins or 3-PEHPC is consistent with such a model. However, GM3 ganglioside synthesis, apparently independent of Fapp2 (D'Angelo et al. 2013), was also increased. GSL elevation itself could also contribute to decreased degradation; GlcCer has been implicated in the endolysosomal traffic of proteins (Sillence et al. 2002) and increased GlcCer can raise the lysosomal pH (Sillence 2013) .
Disregulation of GCS by statins gives new insight into the physiological control of this enzyme. The 3-PEHPC Rab geranylgeranyl transferase inhibition studies show that one or more Rab prenylationdependent processes regulate intracellular GSL trafficking, trafficking/ turnover of GCS, and its product, GlcCer. Statin/3-PEHPC induced redistribution of GM130-labeled Golgi structures implies changes in cysternal fusion, consistent with the redistribution of GCS, and Golgi organization as a regulator of glycosylation (Nakamura 2010) . WGA TGN staining was largely statin-resistant, but the punctate Rab6 Golgi staining was reduced after 24 h and lost after 48 h statin treatment, consistent with the redistribution of GCS from the medial Golgi.
Lc3Cer is the precursor for all lacto and neo-lacto GSLs and is typically rapidly converted to these more complex GSLs. Transcriptional regulation of Lc3Cer synthase is evident during embryonic development in mice (Henion et al. 2001 ) and during myeloid differentiation in humans ). Interestingly, a human mutation in Sec23b, involved in COPII mediated ER-Golgi vesicular traffic, is the cause of congenital diserythropoietic anemia type II (CDA II). The disease affects glycosylation of erythrocyte proteins and lipids and a phenotype feature is 10-fold elevated Lc3Cer (Bouhours et al. 1985; Bianchi et al. 2009 ).
Since statins are prescribed to millions worldwide, it is encumbant to consider the potential clinical relevance of these findings. Epidemiologically, statin treatment may have a beneficial effect on cancer prognosis (Nielsen et al. 2012) . We speculate that this could, in part, be due to lowering of cholesterol levels and exposure of cholesterol-masked tumor-associated GSL antigens for immune recognition (Novak et al. 2013) . Additionally, Lc3Cer and Lc3S are markedly increased in colon cancer (Holmes et al. 1987 ) and acute myeloid leukemia . By increasing Lc3Cer synthesis, statins may promote an antineoplastic immune response; Lc3Cer is the precursor to SSEA1, a tumor stem cell marker (Son et al. 2009 ) (SSEA-1 related GSLs are increased by statins) and the Lewis blood group antigens, also associated with cancer (Le Pendu et al. 2001) . By inhibiting prenylation, statins directly induce acute myeloid leukemia apoptosis in vitro (Wong et al. 2001) , which may have therapeutic value in vivo . Investigations of the antineoplastic potential of high dose lovastatin in vivo have achieved safe serum values in the range of 0.3-12 µM (Thibault et al. 1996; Holstein et al. 2006) , within the dose range used in the current work. Serum statin concentrations within this range, or specific Rab GTPase inhibitors (Agola et al. 2011) , could prove protective against the pathology of Verotoxin or cholera toxin which require Rab-dependent GSL-mediated retrograde traffic to the Golgi/ER to effect toxicity.
Statins increase the risk of type 2 diabetes (Carter et al. 2013 ) and GSLs, particularly ganglioside GM3 (Tagami et al. 2002) , play a role in this disease. GlcCer is the precursor of GM3, which increases when GlcCer accumulates in Gaucher disease (Ghauharali-van der Vlugt et al. 2008) to increase insulin resistance . The statin-increased GM3 we found, if manifest in vivo, could contribute to the increased diabetic risk.
Low serum GlcCer levels are a potential risk factor for venous thrombosis (Deguchi et al. 2001) . GlcCer can directly bind to activated protein C and enhance its anticoagulant activity (Yegneswaran et al. 2003) . There is mixed evidence that statins reduce the incidence of venous thromboembolic events (Rahimi et al. 2012 ), but studies have convincingly shown reduced platelet activity in statin-treated subjects (Miller et al. 2013) . It is intriguing to consider that statins could elevate serum GlcCer levels and reduce risk of venous thrombosis in a subset of at-risk individuals.
We found the statin-induced GlcCer elevation is isoprenoid, rather than cholesterol dependent. Cholesterol distribution may be prenylation/Rab dependent since cholesterol can inhibit Rab dissociation (Takahashi and Kobayashi 2009 ). In the current study, most experiments were performed at 10-20 µM statin, where global inhibition of Rab prenylation is expected (Ostrowski et al. 2007) . Future work will aim to establish the Golgi target(s) of prenylation blockade that increase/relocate GCS and Lc3S activity and increase their products.
Materials and methods
Materials
Lovastatin (lactone form), rosuvastatin and atorovastatin were from Toronto Research Chemicals. In some experiments, lovastatin was activated by base hydrolysis of the lactone ring as described (Morimoto et al. 2006) . U18666A, GGPP, FTI-277, GGTI-2133, cholesterol, UDP-sugars (galactose, glucose and N-acetylglucosamine) were from Sigma-Aldrich. 3-PEHPC (formerly referred to as NE10790) was from Aroz Technologies. Lyso-LacCer and soy GlcCer were purchased from Avanti Polar Lipids. Lyso-GlcCer was prepared in our laboratory. D-sphingosine was from Matreya. Fluorescent C6-NBD derivatives were prepared in our laboratory by reaction of lyso-SLs with succinimidyl 6-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)hexanoate (NBD-X-SE, NHS ester; Anaspec). NBD derivatives were purified by silica gel chromatography and stored under N 2 in CHCl 3 -MeOH, 2:1, at −20°C. Machery Nagel SilG plastic-backed TLC plates were from Caledon Labs. GSL standards from the following sources were purified in our lab by silica gel chromatography; Lc3Cer from bovine erythrocytes, Gg3 from guinea pig erythrocytes, and Gb 3 and Gb 4 from human kidney.
Antibodies and ligands
Mouse anti-Lc3Cer (clone MAC-1) was a generous gift of Dr Yasunori Kushi, Nihon University, Tokyo (Nozaki et al. 2010) . Mouse anti-GM3, clone DH2 was generously provided by Sen-itiroh Halkomori (Pacific Northwest Research Laboratory, Seattle, WA) (Dohi et al. 1988) . Mouse anti-Gg3 hybridoma clone 2D4 was from ATCC. Mouse mAb FE-A5 (Galβ1-4GlcNAc; (Fenderson et al. 1983) and MC-480 (SSEA1; Solter and Knowles 1978) were from the Developmental Studies Hybridoma Bank at the University of Iowa. Rabbit antisera 1.2 (immunofluorescence dilution, 1/600) and 6.2 (western blot dilution, 1/1000) against peptide fragments of human GCS have been previously characterized (Marks et al. 1999) . Rabbit anti-Rab6 (C-19) and goat antisera specific for unprenylated Rap1A (C-17) were from Santa Cruz, rabbit anti-HDJ2/Hsp40 was from Enzo, mouse anti-GM130 (clone 35/GM130) and mouse anti-GS15 (clone 19/GS15) were from BD Biosciences and anti-GAPDH (clone 6C5) was from Abcam. Purified Verotoxin-1 B-subunit (VT1-B) VT1, VT2 and anti-VT1B were prepared in our lab (Boyd et al. 1991; Nutikka et al. 2003) . Cholera toxin B-subunit was from List Labs. Cy3 and Alexa488 labeling kits were from Amersham and Molecular Probes, respectively. Alexa 594 WGA, Alexa488 and Alexa 594 goat anti-rabbit and mouse IgG were from Molecular Probes. horseraddish peroxidase (HRP) goat anti-mouse and rabbit IgG were from Bio-Rad, HRP donkey anti-goat IgG was from Santa Cruz and HRP goat anti-mouse IgM from Jackson labs.
Cell culture and drug treatments
The following human cell lines and culture conditions were used in this study; ACHN (epithelial carcinoma from renal tubular adenocarcinoma pleural metastasis) grown in Ehrlich's minimal essential medium, A431 (epidermoid squamous skin carcinoma), MCF-7 (hormone-responsive breast adenocarcinoma from pleural metastasis), DU145 (androgenindependent prostate carcinoma from brain metastasis) and HeLa (cervical epithelial carcinoma) cells in DMEM, PC-3 ( prostate small cell adenocarcinoma from bone metastasis), Daudi (B-cell Burkitt's lymphoma) and Jurkat E6 (T-cell lymphoblastoid leukemia) cells in RPMI, A549 (alveolar basal epithelial adenocarcinoma) cells in F12K, U-87MG (epithelial grade IV glioblastoma-astrocytoma) cells in αMEM. Two strains of A431 cells, we designated G (ATCC) or S (kindly provided by Dr Kai Simons, Max Planck Institute, Dresden, Germany), were used. Unlike A431G, A431S cells have high basal Gb 3 synthase expression. All drug and control treatments were performed in media containing 10% fetal bovine serum unless otherwise indicated. For each experiment, 3-PEHPC solid was freshly dissolved in culture medium and adjusted to neutral pH by addition of 2 N NaOH. Other drugs were diluted from stock solutions in dimethyl sulfoxide (DMSO). Statin stock solutions (10-20 mM in DMSO) were stored at −20°C for up to 1 month. A 10 mg Crestor™ tablet was dissolved overnight in phosphate buffered saline (PBS), vortexed and centrifuged. The resulting rosuvastatin concentration in the extract was assumed to be 0.5 mM. Matching vehicle control treatments were performed as appropriate.
Lipid extraction and TLC analysis
Cellular lipids were extracted as described (Kamani et al. 2011) . Briefly, lipids were extracted with CHCl 3 -MeOH 2:1 and where indicated, phospholipids degraded by saponification prior to desalting with C18 cartridges (Waters). Lipid classes were isolated from non-saponified extracts using silica gel chromatography. For separation of neutral and acidic GSL, non-saponified total extracts were passed through DEAE sephadex. The neutral GSL "flow-though" was saponified and desalted using C18 cartridges. Bound gangliosides were eluted with 0.2 M sodium acetate and desalted. For TLC analysis of GSLs, extracts were separated on silica TLC plates in solvent system A (CHCl 3 :MeOH; 98:2), dried and re-chromatographed in solvent system B ( (Lowry 1968) , Cer and SM by iodine vapor and GSLs by orcinol spray. GSLs were detected by specific antibodies or ligands after TLC separation as described (Kamani et al. 2011) . Binding was detected using either the colourimetric HRP substrate 4-chloro-1-naphthol or enhanced chemiluminescent (ECL) substrate and imaging as described below for western blotting.
Western blotting
Proteins in post-nuclear cell lysates were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (10-12% gels), then transferred to nitrocellulose. Blots were probed with primary antibodies, HRP species-specific secondary antibodies then developed with SuperSignal West Fempto ECL reagent (Thermo Scientific) and bands recorded using a LiCor Odyssey Fc imager (Mandel Scientific). Prestained molecular weight protein markers (Fermentas) were imaged on the 700 nm channel.
Glycosyltransferase enzyme assays
Detergent-free post-nuclear cell homogenates prepared in 10 mM Tris-HCl, pH 7.2, 10 mM NaCl were used as enzyme source for GCS. Detergent lysates in 2% Triton X-100, 25 mM 4-(2-hydroxyethyl)-1-piperazine ethane sulfonic acid (HEPES), pH 7.0 were used for Lc3S. Protein content was determined by the BCA protein assay (Thermo Scientific, Rockford, IL). All protein preparations contained an ethylenediaminetetraacetic acid (EDTA)-free, protease inhibitor cocktail containing 1 mM 4-(2-Aminoethyl) benzenesulfonyl fluoride hydrochloride, 0.5 µM aprotinin, 15 µM bestatin, 10 µM E64, 0.1 mM leupeptin and 1 µM pepstatin A (BioShop Canada Inc.). GCS activity was measured as described (Ichikawa et al. 1996) . Briefly, 100 µL reactions contained 25 mM Tris-HCl, pH 7, 1 mM EDTA, 50 µg cell protein lysate, 500 µM UDP-Glc, 1 mM conduritol epoxide to inhibit glucocerobrosidase activity and 10 µL of liposomes containing 0.5 µg NBD-Cer and 5 µg PC. Reactions were stopped after 1-4 h by the addition of 600 µL CHCl 3 :CH 3 OH (2:1, v/v) and 20 µL water, vortexed vigorously, then centrifuged. The lower phase was dried under N 2 and analyzed by TLC in solvent system B. Lc3Cer synthase (B3GnT5) reactions used NBD-LacCer dissolved in 2% Triton X-100 as substrate and contained 100 µg protein, 5 mM MnCl 2 , 50 mM HEPES, pH 6.8, 500 µM UDP-GlcNAc. Incubation was 16 h at 37°C. Bands were separated in TLC solvent system A. Fluorescent bands were visualized using a Typhoon FLA 9500 image analyzer (GE Healthcare Bioscience), and intensities were quantified using Image J software.
Fluorescence microscopy
Cells grown on glass coverslips were treated as indicated then fixed with 3% paraformaldehyde/PBS. The standard permeablization protocol used 0.2% Triton X-100, 1% bovine serum albumen/PBS for 12 min at ambient temperature. This method was ineffective for GCS detection with either antiserum 6.2 or 1.2 however, and an alternate method in which fixed cells were permeabilized with the fluorescent sterol-binding polyene macrolide filipin as described (Neufeld et al. 1999) , was employed. Filipin appeared to poorly permeabilize organelles, as little labeling of intra-organelle targets (WGA and protein disulfide isomerase) was seen after filipin permeablization, however cytosol-exposed epitopes were readily detected (GCS 1.2, Rab6, GM130, GS15, Giantin). Another cholesterol binding agent, saponin (0.05%), was also effective to selectively permeablize the plasma membrane for GCS detection. For immunofluorescence the following reagents were used; anti-GCS 1.2 serum, or control rabbit serum (1/ 600), rabbit anti-Giantin (1/250; cis/medial Golgi) (Linstedt and Hauri 1993) , mouse anti-GM130 (1/200; cis-Golgi; Nakamura et al. 1995) , rabbit anti-Rab6 (1/200, Golgi marker), mouse anti-GS15 (1/100), Alexa594-WGA 2 µg/mL (Tartakoff and Vassalli 1983) (5 µg/mL; Invitrogen) (PM/TGN marker), antibodies were detected with Alexa488 or Alexa594-conjugated goat anti-rabbit or mouse antibodies. Images were obtained using an Olympus IX81 inverted fluorescence microscope (60× oil immersion, NA 1.35) equipped with a Hamamatsu C9100-13 backthinned EM-CCD camera and Yokogawa CSU X1 spinning disk confocal scan head. Image acquisition, deconvolution and cropping were done using Volocity software. Composite images were assembled using Adobe Photoshop.
Quantitative MS analysis
A GlcCer internal standard (IS; C17:0/18:2 sphingosine) was synthesized from soy lyso-GlcCer as described (Kamani et al. 2011) . Cells were treated with statin or vehicle control in 10 cm dishes and harvested by trypsinization at the indicated times. Fifty nanograms of IS were added to a portion of cell homogenate prior to lipid extraction. To separate GlcCer and GalCer, LC-MS-MS was performed using a Phenomenex Kinetex HILIC, 2.6 µm, 100 A, 50 × 4.6 mm column with mobile phase: A = water; B = 2.5/97.5 water/80:20 acetonitrile: tetrahydrofuran, both A and B containing 2.5 mM ammonium formate, pH 3.2. MS-MS detector was a Sciex 5500 with ESI ionization in positive mode. MS-MS acquisition used the following ions for Glc/ GalCer (M + H; secondary diagnostic ion for endogenous Glc/GalCer is from the 18:1 long chain base): ( 
Verotoxin cytoxicity assay
ACHN cells grown in 96 well plates were pre-incubated for 24 h with 0-20 µM rosuvastatin prior to addition of Verotoxin 1 or 2 (1 pg/mL or 100 pg/mL). After 72 h of VT treatment, live adherent cells were fixed, stained with Crystal Violet and the absorbance read at 570 nm. Percent cell survival was calculated using the absorbance of wells treated with VT only (0% protection) or rosuvastatin only (100% protection). Rosuvastatin treatment was maintained for the duration of the experiment (96 h).
Supplementary data
Supplementary data for this article are available online at http:// glycob.oxfordjournals.org/.
saline; Sa, sphinganine; SM, sphingomyelin; So, sphingosine; TGN, trans-Golgi network; TLC, thin layer chromtography; WGA, wheat germ agglutinin.
